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modulation. LRP6 is a Wnt coreceptor that appears to specify Wnt/Fz
signaling to the -catenin pathway, and Dkk-1, distinct from Wnt binding
antagonists, may be a specific inhibitor for Wnt/-catenin signaling. Our
findings suggest that Wnt-Fz-LRP6 complex formation, but not Wnt-Fz
interaction, triggers Wnt/-catenin signaling.
Background [10–17]. Although these Wnt antagonists represent dis-
Spemann’s organizer, which is located at the upper dorsal tinct polypeptide families, Cerberus, Frzb, and another
blastopore lip in amphibian embryos at the beginning of antagonist, WIF-1, have been shown to bindWnt proteins
gastrulation, is essential for the basic body plan [1]. Among and presumably prevent Wnt from binding to receptors
many of its critical functions, the organizer induces head [11, 12, 14, 18].Dkk-1 represents a novelmultigene family
and trunk formation via distinct head and trunk organizers that is found throughout vertebrate species, including hu-
[2–4]. The formation and function of Spemann’s organizer mans [13, 19–23], and is essential for Xenopus head forma-
depend on signal transduction mediated by the Wnt fam- tion [13]. How Dkk-1 inhibits Wnt signal transduction to
ily of secreted growth factors [1, 5, 6]. Activation of the induce head formation is unknown.
maternal Wnt/-catenin pathway induces the formation
of Spemann’s organizer, which, upon the start of zygotic
Wnt signaling is mediated by the Frizzled (Fz) family oftranscription, expresses many secreted signaling molecules
seven-pass transmembrane receptors that bind Wnt viawith head- or trunk-inducing activities [1, 7, 8]. Many of
the conserved amino-terminal cysteine-rich domain (CRD)the inducers belong to two functional classes that antago-
[24]. In fact, Frzb/Crescent proteins share a homologousnize signaling by eitherWnt or BMP (bonemorphogenetic
CRD and thereby compete with Fz receptors for Wntprotein; [1, 5, 7]). Recent experiments suggest that trunk
[11, 12, 25–28]. Recently, a single-pass transmembranedevelopment can be achieved by the inhibition of BMP
receptor, LDL (low-density lipoprotein) receptor-relatedsignaling, whereas head formation is induced via simulta-
protein 6 (LRP6), was shown to be essential for Wntneous inhibition of both BMP and Wnt signaling [9].
signaling in Drosophila [29], Xenopus [30], and mice [31].Indeed, head inducers such as Cerberus, Dickkopf-1
LRP6 synergizes with Fz in Wnt signaling and, intrigu-(Dkk-1), Frzb, and Crescent are Wnt antagonists (Cer-
ingly, is able to bindWnt-1 and to associate with Fz8CRDberus also antagonizes BMP and Nodal signaling) and are
expressed in regions that are critical for anterior patterning in a Wnt-dependent fashion [30]. This finding suggests
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that LRP6 is a component of the Wnt receptor complex. still suppressed (Figure 1b). We compared Dkk-1 with
mFz8CRD as affinity depletion reagents. We incubatedThe significance of the Fz-LRP6 complex in Wnt signal-
ing remains to be established. Wnt-1 CM with Protein G beads that were preloaded
with the control IgG or a large amount of either Dkk-1-
Here we report that, in contrast to characterized Wnt bind- IgG ormFz8CRD-IgG (equivalent to 50 times the amount
ing antagonists, Dkk-1 is a high-affinity ligand for LRP6 required for inhibition of Wnt-1 CM in the -catenin
and inhibits Wnt signaling by binding to LRP6 and pre- stabilization assay). mFz8CRD-IgG-loaded Protein G beads
venting Wnt-induced Fz-LRP6 complex formation. Dkk-1 completely depleted Wnt-1 activity, whereas Dkk-1-IgG-
neither possesses significant Wnt binding activity nor in- loaded Protein G beads failed to do so (Figure 1c). There-
terferes with Wnt-Fz interaction, and Dkk-1 activity in- fore, Dkk-1 has no significant Wnt binding capacity and
ducing head formation and antagonizing Wnt signaling appears to inhibit Wnt-1 by a mechanism distinct from
strictly correlates with its ability to bind LRP6 and to that of mFz8CRD. The fact that removal of Dkk-1 fully
interrupt the Fz-LRP6 association. LRP6 function and restores Wnt-1 activity also argues against the possibility
Dkk-1 inhibition appear to be specific for the Wnt/- that Dkk-1 antagonizes Wnt-1 by enzymatic modification
catenin signaling pathway. These results reveal the mo- or inactivation of Wnt-1.
lecular interplay between Dkk-1 and the Fz-LRP6 com-
plex in head induction, Wnt signal transduction, and Wnt
Dkk-1 may bind to Fz and prevent Wnt-Fz interaction,pathway specificity.
or it may bind to and inactivate the Wnt-Fz complex.
In fact, FRP/sFRP-1, a member of the Frzb family ofResults
Wnt antagonists, has been shown to heterodimerize withDkk-1 inhibits Wnt signaling without binding to Wnt-1
a FzCRD [33]. To examine these possibilities, we incu-or interfering with Wnt-Fz interaction
bated CM containing Wnt-1-Myc (with the Myc epitope)RNA coinjection experiments showed that Dkk-1 antago-
and mFz8CRD-IgG in the presence or absence of Dkk-1-nizes Wnt signaling upstream of Dishevelled [13]. This
Flag. mFz8CRD did not precipitate any detectablefinding suggests that Dkk-1 may, like other Wnt antago-
amount of Dkk-1 regardless of the presence of Wnt-1nists, act to inhibit Wnt signal reception. We compared
(Figures 1d and 2a) and bound to a similar amount ofDkk-1 with mFz8CRD [32], which inhibits Wnt signaling
Wnt-1 regardless of the presence of Dkk-1 (Figure 1d).by binding the Wnt ligand in a manner analogous to that
Therefore, Dkk-1 binds neither mFz8CRD nor theof Frzb. Cotransfection of cDNAs for human Dkk-1 or
Wnt-1-mFz8CRD complex, nor does Dkk-1 interferemFz8CRD with Wnt-1 inhibited -catenin induction by
with Wnt-1-mFz8CRD complex formation.Wnt-1 (not shown). To rule out the possibility that Dkk-1
inhibits Wnt signaling by interfering with Wnt-1 produc-
tion or secretion, we examined whether secreted Dkk-1 Dkk-1 is a ligand for LRP6 and disrupts Fz-LRP6
protein could inhibitWnt-1 protein after secretion.Wnt-1- complex formation induced by Wnt-1
conditioned medium (CM) increased cytosolic -catenin Recent studies demonstrated that LRP6 is required for
protein; this increase was suppressed by CM containing Wnt signaling [29–31], possibly as a component of theWnt
Dkk-1-Flag (tagged with the Flag epitope; Figure 1a) receptor complex. We examined whether Dkk-1 interacts
and by CM containing mFz8CRD-IgG (tagged with the with LRP6. Strikingly, the LRP6 extracellular domain,
immunoglobulin- Fc epitope [32]). The inhibitory activ- LRP6N-IgG, coprecipitatedDkk-1-Flagwhen the twoCM
ity toward Wnt-1 was due to Dkk-1 protein in the CM, were combined (Figure 2a), whereas neither mFz8CRD-
as confirmed by immunodepletion with Protein G beads IgG nor the control IgG, each of which was present at a
much higher protein level, precipitated Dkk-1 (Figure(not shown). These results demonstrated that secreted
2a). Importantly, LDLRN-IgG, the extracellular domainDkk-1 protein directly antagonizes Wnt-1 signaling in the
of the related LDL receptor (LDLR) that is not involvedextracellular space.
in Wnt signaling [30], did not precipitate Dkk-1 despite
its higher abundance as compared to LRP6N (Figure 2a).If inhibition of Wnt signaling by secreted Dkk-1 was a
result of Dkk-1 binding to Wnt, we expected to remove Conversely, Dkk-1-IgG coprecipitated LRP6N-Myc, but
not LDLRN-Myc, when CM for each protein were mixedWnt-1 activity fromWnt-1 CM by using Dkk-1 as an affin-
ity depletion reagent. We mixed Wnt-1 CM with Dkk-1- (Figure 2b). In fact, Dkk-1 failed to bind to LDLRN
even when a 20-fold molar excess of LDLRNwas presentIgG CM, then depleted Dkk-1-IgG via Protein G beads
(Figure 1b). Depletion of Dkk-1-IgG did not remove (Figure 2b). This result again demonstrated the high se-
lectivity of Dkk-1-LRP6 interaction. Using Dkk-1-APWnt-1, as evidenced by the full restoration of Wnt induc-
tion of -catenin after removal of Dkk-1-IgG (Figure 1b). and LRP6N-IgG in a liquid-phase, enzyme-linked bind-
ing assay, we demonstrated that Dkk-1-LRP6 interactionIn control experiments, the same Protein G depletion
procedure was not able to remove Dkk-1-AP (tagged with was specific and saturable and exhibited an affinity con-
stant (Kd) of 0.5 nM, as determined with binary bindingthe alkaline phosphatase) from the CM mixture of Wnt-1
plus Dkk-1-AP, and consequently, Wnt-1 activity was Scatchard analysis (Figure 2c).
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Figure 1
Dkk-1 inhibits Wnt-1 without binding to Wnt-1,
Fz, or the Wnt-Fz complex. (a) Dkk-1 CM
inhibited signaling by Wnt-1 CM. Rat-2 cells
were either untreated (lane 1) or treated with
Wnt-1 (lane 2), Wnt-1 plus Dkk-1-Flag (lanes
3 and 4), Wnt-1 plus mFz8CRD-IgG (lanes
5 and 6), or Wnt-1 plus IgG (lanes 7 and 8).
Wnt-1 CM (0.9 ml) were mixed with 1 ml
(lanes 3, 5, and 7) or 0.1 ml of the indicated
CM balanced with 0.9 ml control CM (lanes
4, 6, and 8). Cytosolic -catenin was detected
via immunoblotting, and relative protein levels
are shown. (b) Dkk-1-IgG did not deplete
Wnt-1 from the Wnt-1/Dkk-1 CM mixture.
Wnt-1 (1 ml) was mixed with Dkk-1-IgG (1 ml;
lanes 1 and 2) or Dkk-1-AP (1 ml; lanes 3
and 4). The CM mixtures were then depleted
with Protein G beads (lanes 1 and 3) or
without any manipulation (lanes 2 and 4) and
applied to Rat-2 cells (lanes 1–4). For
comparison, Rat-2 cells were either untreated
(lane 5) or treated with Wnt-1 alone (lane 6).
Cytosolic -catenin was detected via
immunoblotting, and relative protein levels
are shown (I). CM mixtures after (II, III) or before
(IV, V) depletion were immunoblotted with
anti-hIgG (II, IV) or Myc (III, V) antibodies
(Abs; the AP fusion protein contains a Myc
epitope). (c) mFz8CRD-IgG, but not Dkk-1-
IgG, depleted Wnt-1 activity in Wnt-1 CM.
Protein G beads were incubated with
mFz8CRD-IgG (lane 1), Dkk-1-IgG (lane 2),
IgG (lane 3), or control CM (lane 4). These
preloaded beads were incubated with 2 ml of
Wnt-1 CM, which after bead removal was
applied onto Rat-2 cells. Cytosolic -catenin
was detected via immunoblotting, and
relative protein levels are shown. (d) Dkk-1
coprecipitated with neither mFz8CRD nor
the mFz8CRD-Wnt-1 complex. Wnt-1-Myc (1
ml) was mixed with mFz8CRD-IgG (1 ml; lane
1) or with either mFz8CRD-IgG (1 ml) plus
Dkk-1-Flag (1 ml; lane 2) or IgG (1 ml; lane
3). Protein G precipitates (IP; I, III, V) and CM
mixtures before precipitation (II, IV, VI) were
immunoblotted with anti-Myc (I, II), Flag (III, IV),
or hIgG (V, VI) Abs.
Previous experiments have shown a complex formation Dkk-1 inhibited Wnt-1 binding to LRP6N (Figure 3b).
This finding suggests that Wnt-1 and Dkk-1 binding tobetween the extracellular domains of Fz8 and LRP6 in
the presence of Wnt-1 [30]. Strikingly, the Fz8-LRP6 LRP6 is mutually exclusive. We also found that LRP5N,
the extracellular domain of LRP5 protein that is function-complex induced by Wnt-1 was completely abolished by
Dkk-1; that is, mFz8CRD-IgG no longer associated with ally and structurally related to LRP6, could also associate
with mFz8CRD in a Wnt-1-dependent fashion, and thisLRP6N-Myc in a Wnt-1-dependent fashion when either
Dkk-1-Flag, Dkk-1-AP, or Dkk-1-IgG but not the control complex formation was abolished by Dkk-1 as well (Fig-
CMwas present (Figure 3a and data not shown).The ability ure 3c).
of Dkk-1 to disrupt the Fz8-LRP6 complex appeared to
be very potent because the disruption occurred evenwhen Dkk-1 inhibition of Wnt signaling depends on its
Dkk-1 in the CM was diluted to a barely detectable level ability to bind to LRP6 and to disrupt Fz-LRP6
complex formation(Figure 3a), likely reflecting the high-affinity interaction
We introduced a single amino acid substitution in Dkk-1observed between Dkk-1 and LRP6. It was shown that
LRP6N exhibits Wnt binding activity [30]. Although by changing the invariable cysteine residue at amino acid
position 220 into alanine (C220A). In transient cotransfec-Dkk-1 did not affect Wnt-1 binding to Fz (Figure 1d),
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Figure 2
Dkk-1 is a high-affinity ligand for LRP6.
(a) Dkk-1-Flag coprecipitated with LRP6N-IgG,
but not mFz8CRD-IgG or LDLRN-IgG.
Dkk-1-Flag (1 ml) was mixed with IgG (0.2
ml; lane 2), mFz8CRD-IgG (0.2 ml; lane 3),
LRP6N-IgG (1 ml; lane 4), or LDLRN-IgG (1
ml; lane 5). Protein G precipitates (IP; I, III,
V) and CM mixtures before precipitation (II, IV,
VI) were immunoblotted with anti-Flag (I, II)
or hIgG (III to VI) Abs. Background bands in
panels V and VI probably reflect aberrant IgG
fusion proteins from pRK5-based vectors.
(b) LRP6N-Myc, but not LDLRN-Myc,
coprecipitated with Dkk-1-IgG. 0.5 ml of
Dkk-1-IgG was mixed with either 0.5 ml of
control CM (lane 1), 0.5 ml of LRP6N-Myc
(lane 2), 0.5 ml of LDLRN-Myc (lane 3), or
0.25 ml each of LRP6N-Myc and LDLRN-Myc
(lane 4). Protein G precipitates (IP; I, III) or
CM mixtures before precipitation (II, IV) were
immunoblotted with anti-Myc (I, II) or hIgG
(III, IV) Abs. (c) Dkk-1-AP binding to LRP6N-
IgG (circles, line) or IgG (squares). The
horizontal axis shows Dkk-1-AP concentration
(nM); the vertical axis shows changes in
absorbency at 405 nm per hour. The insert is
the binding data presented as a Scatchard
plot.
tion of 293T cells, Dkk-1(C220A) failed to inhibit Wnt-1 alone induces trunk development [13]. When RNAs for
Dkk-1 and a dominant-negative BMP receptor, tBR [34],induction of -catenin as Dkk-1 did (Figure 4a), despite
their similar secretion into CM. Similarly, Dkk-1(C220A) were coinjected ventrally into the embryo, secondary head
induction was seen in more than 78% of the injected em-CM lost the ability to block -catenin induction by Wnt-1
CM, even when it was present at a 5-fold molar excess bryos, whereas injection of tBR RNA alone only resulted
in trunk induction (Figure 5a,b). Dkk-1(C220A) lackedrelative to the amount of the wild-type Dkk-1 that effec-
tively inhibitsWnt-1 (Figure 4b). Therefore, Dkk-1(C220A) head-inducing capability since coinjection of Dkk-1(C220A)
plus tBR RNAs only led to secondary trunk development,behaved as a loss-of-function mutation in the -catenin
stabilization assay. When tested for binding to LRP6 or as did the injection of tBR RNA alone (Figure 5a,b).
We further compared Dkk-1 and Dkk-1(C220A) in theLRP5, Dkk-1(C220A) exhibited little, if any, interaction
with both proteins in coimmunoprecipitation assays (Fig- inhibition of Wnt signaling by using the axis duplication
assay. Wnt-1 RNA injection mimics activation of the ma-ure 4c,d).Most importantly,Dkk-1(C220A) lost the ability
to disruptWnt-1-induced association betweenmFz8CRD ternal -catenin pathway and induces ectopic Spemann’s
organizer formation and axis duplication [1]. While coin-and LRP6N, even when it was present at 20-fold the
concentration at which the wild-type Dkk-1 effectively jection of RNAs for Wnt-1 and Dkk-1 almost completely
suppressed axis induction by Wnt-1, Dkk-1(C220A) wasinhibits the Fz8-LRP6 association (Figure 4e). Therefore,
Dkk-1 inhibition of Wnt signaling strictly correlates with much less effective at inhibiting Wnt-1-induced axis du-
plication (Figure 5c,d). Some residual effect ofits ability to bind to LRP6 and to disrupt Fz-LRP6 com-
plex formation. Dkk-1(C220A) on Wnt-1 in this sensitive assay suggests
that Dkk-1(C220A) may not represent a null mutation.
Nonetheless, these results indicate that the ability ofWe tested whether head induction by Dkk-1 depends on
Dkk-1’s ability to disrupt the Fz-LRP6 complex. Dkk-1 Dkk-1 to induce head formation and to antagonize Wnt
signaling in embryos correlates with its ability to bindwhen combined with inhibition of BMP signaling induces
head formation, whereas inhibition of BMP signaling LRP6 and to disrupt Fz-LRP6 complex formation.
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Figure 3
Dkk-1 blocks Fz-LRP5/6 complex formation
induced by Wnt-1. (a) Dkk-1-Flag prevents
Wnt-1-induced mFz8CRD-LRP6N complex
formation. LRP6N-Myc (0.6 ml) and
mFz8CRD-IgG (0.25 ml) were mixed without
or with 1 ml of Wnt-1 (lanes 1 and 2), with
1 ml of Wnt-1 plus 2 ml or 0.1 ml of
Dkk-1-Flag (lanes 3 and 4), or with
corresponding volumes of control CM (lanes
5 and 6). Protein G precipitates (IP; I, III, V)
and CM mixtures before precipitation (II, IV,
VI) were immunoblotted with anti-Myc (I, II),
Flag (III, IV), or hIgG (V, VI) Abs. Note the
effectiveness of Dkk-1-Flag CM even when it
was deluted to a barely detectable level (lane
4). (b) Dkk-1-Flag inhibits Wnt-1-LRP6N
interaction. Five milliliters of LRP6N-IgG (lanes
1 and 2), control IgG (lane 3), or control CM
(lane 4) was incubated with Protein G beads.
Incubation with either 1.5 ml Dkk-1-Flag and
1.5 ml Wnt-1-Myc (lane 1) or 1.5 ml control
CM and 1.5 ml Wnt-1-Myc (lanes 2 to 4)
followed. Protein G precipitates (IP; I, III, V,
VI) and CM mixtures (II, IV) were
immunoblotted with anti-Myc (I, II), Flag (III,
IV), or hIgG (V, VI) Abs. For the detection of to X-ray films were applied. (c) Dkk-1-Flag or were mixed with 1 ml of Wnt-1 plus 0.5 ml
LRP6N-IgG (about 200 Kd) and the control prevents Wnt-1-induced mFz8CRD-LRP5N of Dkk-1-Flag (lane 3). Protein G precipitates
IgG (35 Kd), the same sample was divided complex formation. LRP5N-Myc (1 ml) and (IP; I, III) and CM mixtures before precipitation
into two parts that were separated by 5.5% mFz8CRD-IgG (0.7 ml) either were mixed (II, IV) were immunoblotted with anti-Myc (I,
and 12% gels, respectively. Equal exposures without (lane 1) or with (lane 2) 1 ml of Wnt-1 II) or hIgG (III, IV) antibodies.
LRP6 and Dkk-1 may be specific for the movement requires Wnt/Fz signaling as previously shown
Wnt/-catenin pathway [27, 35, 37, 46]. LRP6C minimally affected elongation
Wnt/Fz signaling also activates -catenin-independent (Figure 6a), despite the fact that hFz5N and LRP6C
pathways, such as the conserved planar cell polarity (PCP) were equally effective in the inhibition of Xnr3 induction
pathway that regulates convergent extension movements by Wnt/-catenin signaling (Figure 6b). These results
during vertebrate gastrulation [35–39]. Interestingly, while suggest that LRP6C inhibited the Wnt/Fz/-catenin
the arrow/LRP6 mutation causes complete loss of Wnt pathway but not the Wnt/Fz/PCP pathway, whereas
(Wingless)/-catenin signaling in Drosophila, the Fz PCP hFz5N inhibited both pathways. Furthermore, Dkk-1 ex-
pathway appears, by most criteria, to be functional [29]. hibited little inhibition on explant elongation (Figure 6a),
This raises the possibility that LRP6 is required specifi- while it was a potent inhibitor of Xnr3 induction by Wnt/
cally for Wnt/Fz signaling to the -catenin pathway. How- -catenin signaling (Figure 6b). Like hFz5N, LRP6C
ever, this interpretation is uncertain because it is not clear or Dkk-1 exhibited little, if any, inhibition of mesoderm
whether Fz PCP signaling in Drosophila is activated by induction by activin (Figure 6b). In addition, Wnt signal-
any Wnt [40]. Wnt-11 appears to be involved in the Fz ing may directly or indirectly activate a calcium-/camo-
PCPpathway in vertebrates [36, 38].Weexaminedwhether dulin-dependent protein kinase II (CaMKII) pathway
LRP6 function is required for Wnt/Fz PCP signaling by [47]. Neither LRP6 nor Dkk-1 exhibited any effect on
using an established explant assay. Animal pole explants Wnt-5A-induced CaMKII autophosphorylation (data not
differentiate into round-shaped epidermal tissue when shown). These results are consistent with the possibility
cultured alone, but in the presence of mesoderm inducers that LRP6 function and Dkk-1 inhibition are specific for
such as activin, they become dorsal mesoderm, which the Wnt/-catenin pathway.
exhibits morphogenetic elongation movements character-
istic of gastrulation movements in vivo [41–43]. This mor- Discussion
In this study, we provided evidence that head inducerphogenetic elongation depends onWnt-11/Fz PCP signal-
ing independent of -catenin function [35, 37, 38, 44]. A Dkk-1 is a high affinity ligand for Wnt coreceptor LRP6
and inhibits Wnt signaling by binding to LRP6 and pre-dominant-negative Fz molecule, hFz5N [45], completely
inhibited explant elongation (Figure 6a) but not meso- venting Fz-LRP6 complex formation. LRP6 function and
Dkk-1 inhibition appear to be specific for Wnt/Fz signal-derm induction by activin as assayed by brachyury (Xbra)
expression (Figure 6b). This result confirms that this ing toward the -catenin pathway. These results have
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Figure 4
Dkk-1 activity to inhibit Wnt signaling
correlates with its ability to bind LRP5/6 and
to disrupt Fz-LRP5/6 complex formation.
(a) Dkk-1(C220A) failed to inhibit -catenin
stabilization by Wnt-1 in a transient
transfection assay. 293T cells were mock
transfected (lane 1) or transfected with either
0.5 g of Wnt-1/LNC alone (lane 2) or Wnt-1/
LNC plus 5 g of either Dkk-1-Flag/CS2
(lane 3) or Dkk-1(C220A)-Flag/CS2 (lane
4). Cytosolic -catenin was detected via
immunoblotting, and relative protein levels are
shown (I). Dkk-1 or the mutant was detected
in the CM of transfected cells (II).
(b) Dkk-1(C220A) CM failed to inhibit
signaling by Wnt-1 CM. Rat-2 cells were
untreated (lane 1) or treated with either 1 ml
of Wnt-1 alone (lane 2), 1 ml of Wnt-1 plus
1 ml, 0.4 ml, or 0.2 ml of Dkk-1-Flag (lanes 3
to 5), or 1 ml of Wnt-1 plus 1 ml, 0.4 ml, or
0.2 ml of Dkk-1(C220A)-Flag (lanes 6 and 7).
Cytosolic -catenin was detected via
immunoblotting, and relative protein levels are
shown (I). CM mixtures were immunoblotted
with the anti-Flag Ab (II). (c) Dkk-1-Flag, but
not Dkk-1(C220A)-Flag, was coprecipitated
with LRP6N-IgG. LDP6N-IgG CM (3 ml) was
mixed with either 1 ml of control CM (lane
1), 1 ml of Dkk-1-Flag (lane 2), or 1.5 ml of
Dkk-1(C220A)-Flag (lane 3). Protein G
precipitates (IP; I, III) and CM mixtures
before precipitation (II, IV) were immunoblotted
with anti-Flag (I, II) or hIgG (III, IV) Abs.
(d) LRP5N-Myc was coprecipitated with
Dkk-1-IgG but not with Dkk-1(C220A)-IgG.
LRP5N-Myc (1 ml) was mixed with 2 ml of
either Dkk-1-IgG (lane 1), Dkk-1(C220A)-
IgG (lane 2), or control IgG (lane 3). Protein
G precipitates (IP; I, III) and CM mixtures
before precipitation (II, IV) were immunoblotted
with anti-Myc (I, II) or hIgG (III, IV) Abs.
(e) Dkk-1(C220A)-Flag failed to disrupt
mFz8CRD-LRP6N complex formation induced
by Wnt-1. LRP6N-Myc (0.8 ml) and
mFz8CRD-IgG (0.5 ml) were mixed without
(lane 1) or with 1.3 ml of Wnt-1 (lanes 2–10)
in the presence of 1 ml, 0.2 ml, 0.05 ml, or
0.01 ml of Dkk-1-Flag (lanes 3–6) or
Dkk-1(C220A)-Flag (lanes 7–10). Protein G
precipitates (IP; I, IV) and CM mixtures before
precipitation (II, III, V) were immunoblotted with
anti-Myc (I, III), Flag (II), or hIgG (IV, V) Abs.
important implications for our understanding of Dkk-1 27]. In fact, Frzb proteins share the same structural motif,
the cysteine-rich domain (CRD), that functions as thefunction in head induction, of the Fz-LRP6 complex in
Wnt signal transduction, and of mechanisms of Wnt sig- Wnt binding domain in Fz receptors [11, 12, 25]. Although
naling modulation and specificity. Dkk-1 functions as a potent inhibitor of Wnt signaling,
Dkk-1 does not possess significant Wnt binding activity,
as demonstrated by its inability to deplete Wnt from con-
Dkk-1 antagonizes Wnt signaling by blocking Fz-LRP6
ditioned medium. Thus, Dkk-1 likely achieves its inhibi-complex formation
tion by blocking Wnt receptor function.Previously characterized Wnt antagonists, such as Cer-
berus, WIF-1, and members of the Frzb/sFRP family,
Although it is established that Fz proteins are Wnt recep-are Wnt binding proteins that presumably function by
competing with Fz for Wnt ligands [11, 12, 14, 18, 26, tors [24], LRP6, a single-pass transmembrane receptor be-
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Figure 5
The ability of Dkk-1 to induce head formation
correlates with its ability to disrupt Fz-LRP6
complex formation. Embryos were scored at
stage 36. Representative embryos are shown
in (a) and (c); an overall tabulation of results
is depicted in (b) and (d). (a,b) Dkk-1, but
not Dkk-1(C220A), induced head formation
when coexpressed with a dominant-negative
BMP receptor (tBR). Embryos were injected
ventro-vegetally with 20 pg tBR RNA alone
or 20 pg tBR RNA plus either 5 or 2.5 pg of
RNA for Dkk-1 or Dkk-1(C220A). (c,d)
Dkk-1(C220A) did not effectively inhibit dorsal
axis duplication by Wnt-1. Embryos were
injected ventro-vegetally with 10 pg of Wnt-1
RNA alone or 10 pg of Wnt-1 RNA plus 5
or 2.5 pg of Dkk-1 or Dkk-1(C220A) RNA.
The more darkly shaded area represents axis
duplication with the cement gland and at least
one eye. The lighter shading represents
partial axis duplication.
longing to the LDL receptor family, is also critical for Wnt not Wnt-Fz interaction, that triggers Wnt/-catenin sig-
naling, and they provide amolecular explanation for LRP6signal transduction. Genetic studies inDrosophila indicate
that the LRP6 homolog encoded by the arrow gene is requirement in Wnt signal transduction.
essential for Wingless signaling [29]. Similarly, mice lack-
ing the lrp6 gene exhibit developmental phenotypes asso- The binding affinity between Dkk-1 and LRP6 is about
ciated with mutations of multiple Wnt genes [31]. In the 0.5 nM and thus is significantly higher than Wnt-Fz bind-
Xenopus embryo, inhibition of LRP6 function blocks Wnt ing affinities of 5–9 nM [32, 48]. Consistent with the high-
signaling, whereas overexpression of LRP6mimics it [30]. affinity interaction between Dkk-1 and LRP6, Dkk-1 in-
The observation that the LRP6 extracellular domain can hibits Wnt-1-LRP6 interaction, but not Wnt-1-Fz interac-
bind Wnt-1 and associate with Fz8CRD in the presence tion, and efficiently blocks Wnt-dependent Fz-LRP6
of Wnt-1 [30] suggests that LRP6 functions as a Wnt complex formation. It remains to be investigated whether
coreceptor for Fz proteins. Our current study on how Dkk-1 and Wnt compete for the same binding site on
Dkk-1 antagonizesWnt signaling provides significant sup- LRP6 or whether Dkk-1 binding to LRP6 results in con-
port for this hypothesis. We show that Dkk-1 is a high- formational changes that prevent LRP6 interaction with
affinity ligand for LRP6 and prevents Fz-LRP6 complex Wnt and with the Wnt-Fz complex.
formation that is induced by Wnt-1. In addition, Dkk-1
also binds to LRP5, which is the only identifiable close Head induction, gastrulation, and Wnt signaling
relative of LRP6 in the sequenced human genome, and specificity: why does Spemann’s organizer
disrupts Wnt-1-induced Fz-LRP5 complex formation. secrete so many Wnt antagonists?
Notably, Dkk-1 does not exhibit any effect on the Wnt- In Xenopus embryos, head induction can be achieved by
Fz interaction, and Dkk-1 inhibition of Wnt signaling simultaneous inhibition ofWnt and BMP signaling, whereas
strictly correlates with its ability to bind LRP5/6 and to trunk induction requires inhibition of BMP and activation
disrupt Fz-LRP5/6 association induced by Wnt. There- ofWnt signaling [9, 13]. Indeed,many inducingmolecules
fore, Fz-LRP5/6 complex formation is most likely the secreted by Spemann’s organizer are either Wnt antago-
target of Dkk-1 action. Furthermore, these results also nists, which include Dkk-1, Frzb (sFRP-3), sFRP-2, and
Crescent [11–17], or BMP antagonists, such as Chordin,suggest that it is Wnt-Fz-LRP5/6 complex formation, but
958 Current Biology Vol 11 No 12
Figure 6 in early vertebrate embryogenesis via distinct signaling
pathways. Wnt/Fz signaling via -catenin governs Spe-
mann’s organizer formation [1, 5, 6] and head/trunk induc-
tion (see below). Wnt/Fz signaling also regulates morpho-
genetic movements during gastrulation and neurulation
via a -catenin-independent pathway that is similar to the
Fz planar cell polarity (PCP) pathway in Drosophila [40,
53, 54]. It is unknown how Wnt/Fz signaling specificity
toward different pathways is governed. We demonstrate
that while dominant-negative Fz and LRP6 mutants,
hFz5N and LRP6C, respectively, are equally effective
in inhibiting Wnt/-catenin signaling, only hFz5N, but
not LRP6C, fully blocks gastrulation movements that
are controlled by the Wnt/Fz PCP pathway. Therefore,
LRP6 function appears to be specifically required for the
Wnt/Fz/-catenin pathway. Further supporting this idea
is the fact that Dkk-1, which binds LRP6, exhibits little
effect on Wnt/Fz PCP signaling and gastrulation move-
ments but inhibits gene induction by -catenin signaling.
Therefore, Dkk-1 appears to be a specific antagonist for
the Wnt/-catenin pathway.
An interesting comparison may be made between Dkk-1
and Wnt binding antagonists. Frzb and Crescent inhibit
Wnt/-catenin signaling in axis induction and, with differ-
ent efficacy, Wnt/PCP signaling during gastrulation [15,
17]. The distinct mechanisms and inhibition spectra of
these Wnt antagonists may, in part, explain why Dkk-1,
Frzb, and other organizer-derived antagonists have over-
lapping but not redundant functions [13, 52]. When co-
LRP6 function and Dkk-1 inhibition may be specific for the Wnt/- injected with tBR, Dkk-1 induces complete head devel-catenin pathway. (a) activin-induced elongation movements of animal
opment with bilateral eyes, whereas Frzb induces thepole explants were significantly inhibited by hFZ5N, but not by LRP6C
or Dkk-1. Two-cell-stage embryos were injected into the animal development of a head with a cyclopic eye [13, 18]. We
region with 2 ng of hFZ5N or LRP6C RNA or with 500 pg of Dkk-1 speculate that if Frzb inhibits both Wnt/-catenin and
RNA. Animal pole explants were dissected at stage 9 and treated
Wnt/PCP pathways, Frzb may interfere with anterior ex-without (I, III, V, VII) or with (II, IV, VI, VIII) 5 ng/ml activin. (b) hFZ5N,
tension of the prechordal plate, which is required for theLRP6C, and Dkk-1 were effective in blocking Xnr3 induction by
Xwnt-8/-catenin signaling and did not inhibit mesoderm induction by separation of the single eye field into two eyes [55, 56].
activin. hFZ5N, Dkk-1, or LRP6C (as in [a]) abolished Xnr3 Our findings further suggest that it is the Wnt/-catenin
induction by Xwnt-8 RNA (10 pg; I, lanes 3–6) but did not inhibit Xbra
pathway that Dkk-1 antagonizes to allow head develop-induction by activin (II, lanes 7–10). EF-1 was used as loading
ment. This is in full agreement with genetic analyses ofcontrol (III). “WE” stands for “whole embryo,” and “-RT” stands for
“without reverse transcriptase.” the zebrafish headless gene, which when mutated gener-
ates anterior-deficient embryos and encodes aTCF (Tcell
factor) transcription repressor that inhibits -catenin-
dependent gene expression [57].Noggin, and Follistatin [49–51]. In addition, the head
inducer Cerberus inhibits signaling by Wnt, BMP, and
Dkk-1 is the founding member of the Dkk family, whichNodal [10, 14]. The Wnt antagonists are expressed in
includes Dkk-2, Dkk-3, and Dkk-4 [13, 20]. Dkk genes,regions known to be associated with head-inducing activi-
like Wnt genes or genes encoding other Wnt antagonists,ties and function as head/anterior inducers when tested in
are expressed in highly dynamic patterns during verte-the embryo [9, 13, 18]. Furthermore, depletion of Dkk-1
brate development and in specific adult tissues [21]. Infunction in Xenopus embryos by a blocking antibody re-
the axis duplication assay, Dkk-1 and Dkk-4 antagonizesults in headless or cyclopic embryos [13, 52]. This finding
Wnt signaling, whereas Dkk-2 and Dkk-3 do not [20]. Indemonstrates an essential role of Dkk-1 in head formation
fact, one study suggests that Dkk-2 can antagonize Dkk-1and further suggests nonredundant functions for at least
and thus may play a positive role in Wnt signaling [58].some of these organizer-specific Wnt antagonists.
Further studies are needed to provide an understanding
of howDkk proteins, as well as other LRP5/6 ligands suchWnt signal transduction regulates several critical steps
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Figure 7
A model for the Fz-LRP5/6 complex that is
induced by Wnt and differentially modulated
by sFRP/Frzb and Dkk-1. (a) Fz and LRP5/6
do not associate in the absence of Wnt.
(b) Wnt induces the formation of the Fz-LRP5/6
complex that triggers Wnt/-catenin
signaling. (c) sFRP/Frzb proteins, Cerberus,
WIF-1 and other Wnt binding antagonists
bind specific Wnt molecules and prevent Wnt
interaction with Fz and/or LRP5/6; they
thereby prevent formation of the Fz-LRP5/6
complex. (sFRP/Frzb may also bind certain
Fz proteins, not depicted here). These
antagonists may inhibit multiple Wnt/Fz
signaling pathways, depending on the specific
Wnt or Fz proteins to which they bind.
(d) Dkk-1 binds to LRP5/6 and prevents
Fz-LRP5/6 complex formation but does not
affect the Wnt-Fz interaction. Thus, Dkk-1
may specifically inhibit LRP5/6-dependent
signaling, such as the -catenin pathway. We
emphasize that this working hypothesis
remains to be fully tested.
CM was cleared of cellular debris by centrifugation, aliquoted, and frozenas ApoE, interact with LRP5/6 to regulate Wnt signaling.
at 80C.Nonetheless, Dkk modulation of Wnt signaling in a
LRP5/6-specific and probably pathway-specific manner
Rat-2 cells on 6-well tissue culture plates were treated with various CMcomplements the action of Wnt binding antagonists that
mixtures for 2.5-3 hr. Cytosolic extracts were immunoblotted for-cateninregulate Wnt signaling in a Wnt- or Fz-specific manner
as described [63]. The equal amounts of protein loading (usually 10–20
(Figure 7). Together, these Wnt antagonists provide a g per line) were confirmed by the silver staining of test gels. -catenin
comprehensive network that permits precise and fine protein levels were measured with IPLab Gel image processing software
on 12 bit scans on immunoblotting films. The -catenin level in untreatedmodulation of Wnt signal transduction pathways during
cells was set as 1.0. Numbers presented were averages from 2 to 4vertebrate embryogenesis.
independent experiments.
Materials and methods
cDNA construction Antibodies and immunoblotting
Human Dkk-1 cDNA was used in this study. Plasmids Dkk-1-Flag/CS2 Protein samples were resolved by SDS-polyacrylamide gel electrophore-
[20], mFz8CRD-IgG/pRK5, IgG/pRK5 [32], LRP6N-IgG/pcDNA3.1, sis and transferred onto Immobilon-P membrane (Millipore). For the de-
LRP6N-Myc/pcDNA3, LRP6/CS2, LRP6C/CS2 [30], LDLR-FC/ tection of LRP6N, LRP5N, and LDLRN recombinant proteins, 5.5% gels
pcDNA3.1 [59], Wnt-5A-Myc/pSP64T [60], tBMPR/pSP64T [61], and were used, and 8% and 12% gels were used for the detection of
hFZ5N/CS2 [45] have been described. LDLRN-Myc/pcDNA3 and -catenin and all other proteins, respectively. Membranes were blocked
LRP5N-Myc/pcDNA3 were generated by fusion of the extracellular do- with TBST (10 mM Tris [pH 7.4], 150 mM NaCl, 0.05% Tween 20)
mains of LDLR or LRP5 with the 6-Myc epitope (from CS2MT). Dkk-1- containing 5% nonfat dry milk for 2 hr at room temperature or overnight
IgG/pcDNA3.1 and Dkk-1-AP/APtag5 constructs contain the full- at 4C. The following antibodies were used for immunoblotting ac-
length Dkk-1 fused with the IgG tag from IgG/pRK5 [32] or alkaline cording to manufacturers’ guidelines: Flag (M2, Sigma),-catenin (Trans-
phosphatase [62]. The C220A mutation was introduced into Dkk-1 cDNA duction Labotatories), Myc (9E10, Santa Cruz Biotechnology), hIgG-
by primer-mediated PCR mutagenesis and verified via DNA sequencing. Fc-specific HRP conjugate, and mouse IgG HRP conjugate (Jackson
Details of these plasmids are available upon request. Laboratories). Renaissance chemiluminescence reagents (NEN) were
used for immunoblot detection.
Cell culture, CM production, and cytosolic -catenin
protein assay
Protein G precipitation and depletionRat-2 and 293T cell lines were maintained in high-glucose DMEM me-
Combinations of CM were mixed and equalized in total volume by thedium with 10% fetal bovine serum. All recombinant proteins were used
use of control medium, and 10l of Protein G agarose beads (Pharmacia)as conditioned media (CM) and, with the exception of Wnt-1 and Wnt-1-
was added to the mixture. After 2 hr of incubation on a nutator at roomMyc, were produced in 293T cells via transient transfection with the indi-
temperature, precipitates on beads were washed four times with PBScated expression vectors by the calcium phosphate method. Wnt-1 and
or TBS with 0.05% Tween 20 and then boiled for 3 min in 50 l ofWnt-1-Myc CM were collected from retrovirally infected Rat-2 cells and
analyzed for activity in a cytosolic -catenin induction assay. Collected loading buffer before separation by gel electrophoresis.
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expression: toward a molecular explanation of axisFor the depletion of Wnt-1 from Wnt-1 CM, 50 l of Protein G beads
specification in Xenopus. Bioessays 1998, 20:536-545.were incubated and preloaded with 20 ml of CM containing either Dkk-1-
7. Sasai Y, De Robertis EM: Ectodermal patterning in vertebrateIgG, mFz8CRD-IgG, or control IgG. The beads were washed two times
embryos. Dev Biol 1997, 182:5-20.with PBS and were added to 2 ml of Wnt-1 CM for incubation for 30
8. Niehrs C: Head in the WNT: the molecular nature of Spemann’s
min. After bead removal by centrifugation, the remaining CM was added head organizer. Trends Genet 1999, 15:314-319.
to Rat-2 cells. 9. Glinka A, Wu W, Onichtchouk D, Blumenstock C, Niehrs C: Head
induction by simultaneous repression of Bmp and Wnt
signalling in Xenopus. Nature 1997, 389:517-519.Affinity measurement 10. Bouwmeester T, Kim S, Sasai Y, Lu B, De Robertis EM: Cerberus
The amount of LRP6N-IgG, control IgG, and Dkk-1-AP (which contains is a head-inducing secreted factor expressed in the anterior
a single Myc epitope) in the CM was determined by immonoblotting, endoderm of Spemann’s organizer. Nature 1996, 382:595-601.
with pure human IgG (Sigma) and a recombinant protein with a single 11. Leyns L, Bouwmeester T, Kim SH, Piccolo S, De Robertis EM:
Myc epitope (provided by R. Habas) as standards, respectively. CM Frzb-1 is a secreted antagonist of Wnt signaling expressed
in the Spemann organizer. Cell 1997, 88:747-756.mixtures (1 ml) containing 0.25 nM LRP6N-IgG or 5 nM control IgG
12. Wang S, Krinks M, Lin K, Luyten FP, Moos M: Frzb, a secretedplus various concentrations (0–22 nM) of Dkk-1-AP were incubated with
protein expressed in the Spemann organizer, binds and10 l of Protein G agarose beads for 4 hr at room temperature. The Protein
inhibits Wnt-8. Cell 1997, 88:757-766.G beads were washed four times with PBS with 0.05% Tween 20. After
13. Glinka A, Wu W, Delius H, Monaghan AP, Blumenstock C, Niehrsa complete decanting, 1 ml of alkaline buffer with p-nitrophenyl phosphate C: Dickkopf-1 is a member of a new family of secreted
was added, and a change in absorbency at 405 nm was measured. To proteins and functions in head induction. Nature 1998,
calculate the bound/free ratio for Dkk-1-AP, the activity of bound Dkk-1- 391:357-362.
AP on beads was divided by the activity of Dkk-1-AP in the CM before 14. Piccolo S, Agius E, Leyns L, Bhattacharyya S, Grunz H, Bouwmeester
binding. T, et al.: The head inducer Cerberus is a multifunctional
antagonist of Nodal, BMP and Wnt signals. Nature 1999,
397:707-710.
Embryological methods 15. Pera EM, De Robertis EM: A direct screen for secreted proteins
Xenopus eggs were fertilized in vitro and cultured in 0.1	 Marc’s modi- in Xenopus embryos identifies distinct activities for the
fied ringer’s medium (MMR). Capped synthetic mRNAs for embryo injec- Wnt antagonists Crescent and Frzb-1. Mech Dev 2000,
96:183-195.tion were synthesized in vitro with the mMessage mMachine kit (Ambion).
16. Shibata M, Ono H, Hikasa H, Shinga J, Taira M: Xenopus crescentFor secondary axis and head induction assays, embryos were injected
encoding a Frizzled-like domain is expressed in thewith synthetic RNAs ventrally at the four-to-eight-cell stage. Results from
Spemann organizer and pronephros. Mech Dev 2000,at least two independent experiments were combined.
96:243-246.
17. Bradley L, Sun B, Collins-Racie L, LaVallie E, McCoy J, Sive H:
For the explant elongation assay, two-cell-stage embryos were injected Different activities of the frizzled-related proteins frzb2 and
with synthetic RNAs at the animal pole region. Animal poles were dis- sizzled2 during Xenopus anteroposterior patterning. Dev Biol
2000, 227:118-132.sected at stage 9 and cultured in 0.5	 MMR containing 1% BSA
18. Hsieh JC, Kodjabachian L, Rebbert ML, Rattner A, Smallwood PM,with or without 5 ng/ml of human activin A [kindly provided by Dr. Eto
Samos CH, et al.: A new secreted protein that binds to Wnt(Ajinomoto Co.)]. Elongation was scored at stage 17. Expression of
proteins and inhibits their activities. Nature 1999, 398:431-436.Xnr3, Xbra, and EF-1 was examined at stage 10.5 by RT-PCR as
19. Fedi P, Bafico A, Nieto Soria A, Burgess WH, Miki T, Bottaro DP,previously described [64].
et al.: Isolation and biochemical characterization of the
human Dkk-1 homologue, a novel inhibitor of mammalian
Wnt signaling. J Biol Chem 1999, 274:19465-19472.Note added in proof
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